In the present study, a semiempirical, zero-dimensional multizone model, developed by the authors, is implemented on two automotive diesel engines, a heavy-duty truck engine and a light-duty passenger car engine with pilot fuel injection, for various operating conditions including variation of power/speed, EGR rate, fuel injection timing, fuel injection pressure, and boost pressure, to verify its capability for Nitric Oxide (NO) emission prediction. The model utilizes cylinder's basic geometry and engine operating data and measured cylinder pressure to estimate the apparent combustion rate which is then discretized into burning zones according to the calculation step used. The requisite unburnt charge for the combustion in the zones is calculated using the zone equivalence ratio provided from a new empirical formula involving parameters derived from the processing of the measured cylinder pressure and typical engine operating parameters. For the calculation of NO formation, the extended Zeldovich mechanism is used. From this approach, the model is able to provide the evolution of NO formation inside each burned zone and, cumulatively, the cylinder's NO formation history. As proven from the investigation conducted herein, the proposed model adequately predicts NO emissions and NO trends when the engine settings vary, with low computational cost. These encourage its use for engine control optimization regarding NO x abatement and real-time/model-based NO x control applications.
Introduction
Pollution and hence human health and life quality deterioration [1] due to exhaust emissions from vehicles have become a severe problem especially in populated areas and large cities. To mitigate pollution from this source, strict regulations [2] have been applied forcing the internal combustion engines (ICE) industry to reduce such harmful emissions. Hence, the ICE manufacturers invest on technologies of exhaust emissions control, in order to comply with the regulations and guarantee their presence in the markets.
There exist various methodologies to achieve exhaust emissions abatement [1, 3] such as engine development for low emissions (in-cylinder emission control) and/or use of after-treatment technologies. A useful tool to assist their development and application is the use of simulation models, due to their ability to predict exhaust emissions. Considering that Nitric Oxides (NO x ) is one of the most important controlled pollutants of Diesel engines, authors were motivated to evolve a recently developed simplified model [4] for the prediction of NO emissions (predominant of NO x ) for various engine settings/configurations and engine types.
According to the relevant literature, various types of models for exhaust emissions prediction have been reported. A common type of model used for NO x prediction is the multizone phenomenological models [5] [6] [7] . These models employ the fuel injection rate accompanied with phenomenological/semiempirical relations for combustion mixture preparation and spray characteristics. Alternatively CFD models [8, 9] can be used, because they are able to realistically describe the in-cylinder phenomena temporally and spatially because they are based on fundamental physics. However 2 Journal of Combustion both model types, and especially the CFD ones, have significantly increased computational cost which makes them inappropriate for real-time applications. In addition, they present high complexity and calibration demands and are difficult to handle. These limit the prospective for their implementation in practical applications (e.g., model-based control). A solution for this could be the use of singlezone models [10] [11] [12] which are very fast and simple, but because of their single-zone concept, they can provide only the average cylinder temperature (and conditions) which alone cannot be utilized for NO x formation calculation. To overcome this drawback, zero-dimensional, two-zone [13] [14] [15] or multizone [16] [17] [18] models can be used. Furthermore, fully empirical/statistical [19] [20] [21] or semiempirical models [22] [23] [24] [25] [26] [27] which present very low computational cost can be employed. However, for the calibration of these models (i.e., coefficients determination) a comprehensive experimental database is required, but even then, due to the lack of physical base, they can provide adequate predictions only inside the range that they have been calibrated.
Considering the pros and cons of the aforementioned model types along with the industry requirement for fast, simplified, versatile, and reliable NO x prediction models, with low calibration demands and easy handling/application, the authors have developed a model for NO prediction by following a zero-dimensional, multizone approach. The model had been implemented on a limited number of operating points of two different DI Diesel engines (a heavyduty truck engine and a light-duty car engine) [28, 29] . In the present work, an effort has been made to improve model's predictive ability by enhancing its physical base and expanding its implementation range. For this reason, the new model was further validated on additional operating points and engine configurations/settings of the aforementioned engines. Namely, the capability of the model to predict NO trends with engine load, injection timing, injection pressure, EGR rate, and boost pressure variation is evaluated. It is also noted that the model has been previously implemented on a number of 4-and 2-stroke large-scale DI Diesel engines, providing adequate results as reported in [4] .
The proposed model uses the measured cylinder pressure to calculate the apparent combustion rate via heat release rate (HRR) analysis, which is then discretized into combustion zones according to the calculation step (in crank angle degrees). The zones are autonomous and are evolving inside the cylinder as the time elapses following the first law of thermodynamics. NO formation inside each zone is calculated via extended Zeldovich mechanism.
Some models that follow similar concepts can be found in literature [30] [31] [32] which, however, are much more complicated because they use phenomenological/semiempirical formulas for fuel/air mixing, air entrainment, heat and mass transfer, and so forth, and so forth, which require significant calibration effort for different engine characteristics and operating conditions. This, limits the model's implementation range. On the contrary, the proposed model does not follow the common approach of air entrainment rate (continuous air entrainment inside the zone) during the engine cycle as suggests the spray evolution theory [8, 33, 34] . Instead, the unburnt charge is distributed to each zone at the time of its generation. The amount of the distributed unburnt charge to each zone is calculated from the zone equivalence ratio (Φ) and from the amount of fuel attributed to each zone. Φ is assumed to be constant for all zones but varies with engine operating conditions. The value of Φ is calculated only once during the cycle by using a simple empirical correlation. This feature minimizes model's complexity, computational cost, and calibration effort and at the same time improves model's prediction ability. Thus, in the proposed model a combination of physical and empirical concepts is made, which allows, as shown later in the text, achieving satisfactory tailpipe NO predictions. From the results, models' suitability for both research and practical/field applications is evaluated.
Presentation of the Proposed Model
The model presented herein is a physically based, zerodimensional multizone one, for the prediction of NO emissions from Diesel engines by using as input the measured cylinder pressure. Alternatively, a calculated in-cylinder pressure can be used, derived from well validated single-zone models which, as mentioned, do not have NO prediction capabilities.
At first, the charge conditions before combustion commencement are calculated accounting for the cylinder residual gas (RG) fraction, EGR rate, and intake air mass flow. Then, the apparent combustion rate is calculated via HRR analysis using the measured cylinder pressure. Afterwards, the NO model is implemented at the time period from the start of combustion (SOC) up to exhaust valve opening (EVO).
The model's concept is described schematically in Figure 1 . Each filled symbol corresponds to the generation of a combustion zone. The fuel attributed to each zone is derived from the discretization of combustion rate according to the crank angle (CA) calculation step. The unburnt charge mass (air + EGR + RG) amount used at the zone generation is determined from the zone equivalence ratio (Φ) and the corresponding zone fuel amount. Complete/homogenous mixing of the fuel and unburnt charge is assumed. By this approach, the employment of spray models (e.g., phenomenological multizone) or/and space geometrical discretization (e.g., mesh) is avoided. After their generation, the combustion zones are being compressed/expanded (empty squares in Figure 1 ), according to the pressure derivative, inside the cylinder until EVO. The zones are autonomous and do not exchange mass and heat between them. NO is formed inside each zone from its generation up to EVO by using the extended Zeldovich mechanism. Via this concept, the evolution of zone NO formation inside the cylinder, during an engine cycle, is provided. The cumulative NO from the zones at each calculation CA step provides the overall evolution of NO formation as shown in Figure 2 and its composition and temperature at combustion commencement. The trapped mass (̇t r [g/cycle]) is assumed to be unchanged from intake valve closure (IVC) up to SOC-1. Its composition is considered constant throughout the cycle assuming no interaction between the zones. The trapping efficiency is assumed to be equal to unity (realistic for 4-stroke engines) [34] and thus the trapped mass is calculated from (1) by using the following inputs: number of cylinders ( cyl ), engine speed ( [rpm]), intake air mass flow (̇I A [kg/h]), and EGR and RG mass fractions:
Basic Calculations
In the present work, the experimental data foṙI A , EGR rate, and RG fraction were supplied from external provider. Here, it is noted that the values oḟI A and EGR rate (EGR valve position) can be reliably measured "on-board" in real-time and RG fraction can be estimated using simplified models. Furthermore, these parameters can be obtained from the ECU since they can be mapped as functions of engine speed and load. Alternatively,̇I A could be estimated directly using the measured pressure and temperature at intake manifold and the cylinder pressure, via a simplified zero-dimensional model [35, 36] , or indirectly from the exhaust gas oxygen content. The composition of EGR and RG gases is assumed to be identical to the one of the exhaust gas which is calculated by assuming ideal combustion using the global Φ and accounting for the fuel composition (H/C). The composition of the unburnt charge is calculated using the EGR, RG, and ambient air mass fractions and compositions. Using the trapped mass, its composition (molecular weight (MW)), and the corresponding cylinder pressure and volume via the ideal gas state equation, the unburnt charge temperature at SOC-1 is provided. This temperature serves as the initial value for the calculation of unburnt zone temperature.
Utilizing the Measured Cylinder Pressure and HRR.
The processes evolving inside the engine cylinder are directly or implicitly reflected on the measured cylinder pressure [34] . From these processes that involve compression, fuelair mixing, combustion, expansion, and so forth, the thermodynamic condition of the charge, which affects NO x formation mechanism, is determined. Moreover, the effect of heat transfer, leakages, inlet conditions, turbulence, fuel-air mixing, engine geometry, and so forth on these mechanisms is also implicitly accounted for when the actual cylinder pressure is used. Furthermore, the effect of injection strategy (pilot/post, multiple injection) is implicitly accounted for because the actual cylinder pressure and combustion rate (i.e., HRR) are used. Thus, the use of measured cylinder pressure adds versatility to the model since the variations occurring inside the cylinder, and having an effect on NO formation, can be captured.
As mentioned, the combustion rate (i.e., fuel amount ( ) combusted at each time (CA) step; e.g., see Figure 2 ) is calculated directly from HRR, assuming instantaneous combustion, as shown in (2) ( is derived from the measured cylinder pressure), by dividing the gross heat release ( gross [J]) by the fuel lower heating value (LHV [J/kg]) as described in (3):
For the heat exchange ( / CA [J/ ∘ CA]) through the cylinder wall, the Annand formula has been used [34, 37] due to the less computational cost and calibration effort required compared to the Woschni [38] model. Detailed description of the HRR calculations is presented in [4] .
Unburnt Zone Evolution inside the Cylinder.
The chemical composition of the unburnt zone is assumed to be constant for the entire closed cycle; namely, it does not interact with the combustion zones. When combustion commences, the requisite unburnt charge amount for the combustion during zone formation is obtained from the unburnt zone. Thus the unburnt zone mass is consumed as combustion persists. The volume ( ub [m 3 ]) of the unburnt zone at each calculation step is calculated by subtracting the volumes of the existing combustion zones from the current cylinder volume. Its temperature, which corresponds to reactants' temperature during combustion at zone generation, is calculated by using the first law of thermodynamics at each CA step ( ) following an iterative procedure. This procedure involves (4) for the enthalpy calculation and (5) (Newton-Raphson [39] method) for the temperature calculation:
In the previous expressions [kmol] is the number of moles comprised in the unburnt zone and is calculated by subtracting from the number of moles of the previous CA step the moles required from the zone ( out [kmol]), which is generated at the current CA step. Furthermore, [J] corresponds to the heat transfer through the cylinder wall calculated using Annand's model [37] where the current incylinder area is multiplied by ub, / cyl to fairly represent the equivalent zone area. Superscript denotes the iteration sequence number. Detailed description of the heat transfer through the cylinder wall method used can be found in [4] .
Generation and Evolution of the Combustion Zones.
In order to consider convincingly the local conditions (i.e., temperature, species concentration) inside the combustion chamber, which determine the NO formation [34, 40, 41] , a multizone approach is adopted (see Figure 1 ).
The mass of each zone ( [kg]), after its generation, remains constant throughout the cycle since the zones do not interact. The pressure inside the zones coincides with the measured cylinder pressure. Zone temperature ( [K]) is determined by the use of the first law of thermodynamics via a Newton-Raphson [39] iterative methodology described in
Zone composition is derived from the combustion of the fuel and the corresponding unburnt charge, accounting for chemical dissociation (see Section 3.5) of combustion products. is calculated via the ideal gas state equation.
[J/kg] corresponds to the heat transfer between the zone and cylinder wall and is calculated using Annand's model [37] similarly to the unburnt zone calculation (see Section 3.3).
After its formation, the zone evolves throughout the close engine cycle following the first law of thermodynamics and according to the cylinder pressure evolution. Therefore, at each CA step ( ), the values of volume, composition, enthalpy, and temperature of the examined zone ( ) are calculated iteratively. The enthalpy (ℎ) and temperature ( ) of each zone ( ) are calculated from the following equations, respectively:
Apparently, the initiation values for the iteration at each CA step equal the respective final ones of the previous step. When the zone temperature ( ) converges, the calculation procedure proceeds to the next CA step.
Chemical Dissociation Mechanism.
The calculation of zone temperature accounts for the combustion products dissociation. This mechanism results in a noticeable decrease of combustion temperature since most of its reactions are endothermic. Furthermore, for the zone equilibrium composition calculation, the proposed model uses a chemical dissociation scheme [42] [43] [44] , which involves 11 chemical species (O 2 for fuel lean or C 12 H 26 for fuel rich, N 2 , CO 2 , H 2 O, H, H 2 , N, NO, O, OH, CO), seven equilibrium reactions, and the four conservation equations describing the combustion for the C/H/O/N system. Equilibrium composition is utilized during the NO formation calculation described next. Equilibrium constants are derived from minimization of the Gibbs free energy of the chemical reactions used. This scheme has been described in detail in previous publications [4, 28, 29] of the authors.
Calculation of Nitric Oxide Formation.
In the present study only the thermal NO x formation mechanism is considered (i.e., NO formation), since this mechanism is predominant at high-temperature, stoichiometric diffusion flame which characterizes DI Diesel combustion [34, 40, 45] . Due to the higher time required for NO formation compared to the time available for combustion processes inside the combustion chamber of DI Diesel engines, NO rarely reaches equilibrium. Hence, NO formation is kinetically controlled [34, 41] while equilibrium concentration is assumed for the remaining species. Therefore, the extended Zeldovich mechanism [34, 40, 46, 47] has been used, which is described from the three reactions shown in
Their reaction rate constants, which are functions of temperature and used for the reaction rates calculation
, are derived from [48] . NO formation rate is calculated from (10), which is derived from the mathematical processing [40, 41] of the differential equations that describe the kinetics of the extended Zeldovich mechanism:
In the previous expression, , [m 3 ] is the zone ( ) volume at the examined CA step ( ). The integration of (10) in the CA domain until EVO provides the NO [Kmol] amount formed inside each zone and cumulatively inside the cylinder, at each CA step.
Comprehensive description of the model can be found in [4] . In the present work, an improved correlation for zone equivalence ratio Φ is introduced, as presented next, in order to enhance model's NO prediction capability.
3.7.
Calculation of Zone Equivalence Ratio Φ. According to the model's rationale (see Section 2), the total mass of each zone is determined from the mass of the combusted fuel at the time of its generation and the requisite unburnt charge mass. The latest is determined from the corresponding zone fuel mass and the zone equivalence ratio (Φ). Along with zone mass, the value of Φ also affects zone volume, temperature, and chemical composition which in turn affect significantly the NO formation mechanism.
For NO formation, a constant value of Φ is used which is identical for all zones, instead of using a phenomenological spray model [7, 33] or empirical approaches for the determination of local air-entrainment rate [31, 32] . Although this concept does not correspond to the actual case of DI Diesel engines combustion, it has been adopted for low complexity and computational cost. Furthermore, it does not deviate significantly from reality since, during NO formation, the local Φ is close to stoichiometry (stoichiometric diffusion flame [45] ). To evaluate the validity of this assumption (i.e., constant zone Φ), a sensitivity analysis has been conducted to examine its effect on tailpipe NO values. Indicative results from this analysis (derived from the implementation of the model on the passenger car and truck engine examined in the present study) are depicted in Figure 3 where the variation of the calculated/measured NO ratio with zone Φ value is depicted. As shown in Figure 3 , tailpipe NO variation with zone Φ is similar for both engines examined. It is also revealed that NO formation is sensitive to zone Φ. As observed from Figure 3 , the predicted NO values coincide with the actual ones, for two different zone Φ values. However, as known, NO formation takes place close to stoichiometry (Φ = 1). For this reason, the right-hand value (see Figure 3 ) of zone Φ is finally adopted. As noted, this value varies (slightly) with engine operating conditions, engine settings, and so forth. The previous assumption has been verified from the fact that optimum NO predictions have been observed when using Φ values ranging from 1.00 to 1.25.
To estimate zone Φ, for each operating point, an empirical correlation is used, which involves typical engine operating parameters and values derived from the measured cylinder pressure processing and HHR analysis. The aforementioned empirical correlation resulted from an extended multiple regression analysis involving numerous parameters related with NO formation. At this analysis, an elimination procedure ( and statistical tests [49] [50] [51] ) was conducted at first to eliminate the less influencing parameters. Then, from the remaining parameters, the correlation for zone Φ described in (11) was extracted by using a weighted (bisquare) leastsquares-robust-fit regression method [51] . The comparison between the estimated (from (11)) and the Φ values that 6 Journal of Combustion provide matching between experimental and calculated NO values (see Figure 3 ) presents an RMSE = 1.47%:
In the previous expression SOC main corresponds to the CA [ The first parameter ( IVC / amb ) of (11) accounts for the effect of intake air pressure, while the second ( SOC main / amb ) accounts for the effect of compression ratio. The third one ( comb. max / SOC main ) accounts for the effect of pressure derivative (pressure increase due to combustion which strongly affects NO formation) which is also related with SOI. The fourth parameter (COC/TDC) accounts for the effect of combustion duration. The fifth parameter (Φ eng. overall ) provides information for the overall air supply while the sixth ( / ref ) accounts for the effect of engine speed on fuelair mixing and available time for NO formation. Finally, the seventh parameter ( / ref ) accounts for the effect of engine load.
Test Engine Description
The present model is implemented on a heavy-duty truck engine (Engine A) and a light-duty passenger car engine (Engine B) to test its ability to predict NO emissions. Both engines are supercharged Diesels, equipped with a commonrail DI fuel injection system and a high pressure EGR system using EGR cooler. The defenses between the two tested engines are the following:
(1) In contrast with the truck engine, the passenger car engine uses pilot fuel injection, mainly to reduce engine noise.
(2) The truck engine has two additional cylinders and treble displacement volume compared to the car engine.
(3) Since the examined engines are designed for different operating areas, they have different fuel injection strategy (i.e., injection profile, timing, etc.) and valve timing. Furthermore, due to the high torque demand of the truck engine, it produces higher power output and operates at lower engine speeds.
The main data of the test engines are summarized in Table 1 .
Test Cases Examined
In the present work, numerous measurements were used to evaluate the ability of the proposed model to predict NO emissions. The experimental measurements were provided by AVL and ETH during cooperation under an EU funded project. It is emphasized that the provided experimental measurements were tailpipe NO concentrations (measured using chemiluminescence analyzers able to provide both measurements: NO and total NO x ) which, as mentioned (see Section 3.6), is usually the predominant of NO x regarding Diesel engines. The examined operating points for Engine A are categorized as follows:
(1) Operating points corresponding to the Extended European Stationary Cycle (EESC). The EESC includes seven load points for five engine speed cases (1400-2200 rpm), namely, 35 operating points.
As for the mid-speed and mid-load engine operation (1800 rpm and 86 kW) the following cases are examined:
(2) SOI variation from −20 to +10 ∘ CA ATDC. (1) EGR rate from 0 to 25%.
(2) Fuel injection pressure from 500 to 1000 bar. 
Results and Discussion

Heavy-Duty Truck Engine (Engine A)
Prediction of NO at the EESC Operating Points.
Initially the model was implemented on Engine A, for various operating points corresponding to the EESC, to predict NO emissions. The operating points of this cycle are defined by the engine load and speed. The SOI, EGR, fuel injection pressure, and intake manifold pressure settings were obtained from the ECU (default settings). The comparison of calculated and measured NO values against engine power for various speeds is presented in Figure 4 . As revealed from the observation of Figure 4 , the proposed model is able to predict satisfactorily the NO trend with engine power. The trend is approximately linear and decreases with engine speed. A higher difference between calculated and measured absolute values for the highest loads can be also observed. This is mostly attributed to the highest in-cylinder pressure signal noise during expansion phase. The result is combustion duration overestimation and high heat release peeks causing increased NO formation.
NO Variation with Engine Settings.
Next, the model's ability to capture the NO variation for different engine settings, namely, SOI, EGR rate, injection pressure, and intake manifold pressure variation, is examined. The results are depicted in Figure 5 .
The observation of Figure 5 reveals that the model is capable of capturing both trend and absolute values of NO against the aforementioned settings. As shown, NO is exponentially reduced with injection retard (SOI). Furthermore, as shown, the increase of EGR rate induces linear reduction of NO. In addition, it is shown that the injection pressure increase induces a linear increase of NO. Likewise, a linear increase of NO with intake manifold pressure increase is observed.
Light-Duty Passenger Car Engine (Engine B)
NO Variation with EGR.
Next, the ability of the proposed model to predict NO emissions for Engine B for various EGR rates is evaluated. In Figure 6 , the comparison between predicted and measured NO values against EGR rate variation is depicted.
As shown in Figure 6 , the model manages to predict the trend of NO variation with EGR rate which is approximately linear. Observing the higher load curves (29.4 kW, 31.4 kW), a small slope decrease can be noted as the speed increases from 2000 rpm to 2500 rpm. Regarding engine operation at 2500 rpm, the curve slope significantly increases with engine load (i.e., 18.3 kW to 31.4 kW). Furthermore, the most of the calculated absolute values are satisfactorily close to the measured ones. between measured and calculated NO values against injection pressure is depicted in Figure 7 .
NO Variation with Fuel Injection
As shown in Figure 7 , the model approaches fairly well the absolute NO values and trend which is slightly ascending and approximately linear. However, for some cases, the NO trend is not ideally captured, despite the fact that the absolute calculated NO values are sufficiently close to the measured ones. This is mostly attributed to the relatively low absolute NO values and the slight variation of measured NO with injection pressure increase. Thus, even small inaccuracies of input data can induce noticeable divergence of the predicted values.
NO Variation with SOI.
In this section, model's ability to predict the effect of SOI on NO emissions is evaluated. The variation of calculated and measured NO against SOI variation is presented in Figure 8 . From the observation of Figure 8 , the ability of the model to predict NO trend with SOI variation is clearly proven. Absolute NO values are also adequately calculated. As shown, for the higher loads (29.4 and 31.4 kW) the decrease of NO with SOI is more intensive. On the other hand, engine speed does not seem to affect the slope significantly. Referring to engine operation at 2500 rpm and 18.3 kW, both NO variation and absolute values are considerably low. For this reason, the model presents difficulties to accurately capture precisely the measured NO tendency despite the fact that it achieves to approach the absolute values satisfactorily.
NO Variation with Intake Manifold Pressure.
Finally, the ability of the model to predict the effect of intake manifold pressure on NO is evaluated. The comparison between measured and calculated NO values against intake manifold pressure is depicted in Figure 9 .
The observation of Figure 9 reveals that the model is able to approach adequately the NO trend with intake manifold pressure. As shown in Figure 9 , the slope, which is practically linear and ascending, decreases with engine speed and increases with engine load. As shown, the calculated absolute NO values present a divergence from the respective measured ones which is possibly due to their very low values which induce high relative errors.
Statistical Analysis and Error Sources.
At this point, an error analysis is presented. Namely, the relative (calc. NO x /meas. NO x − 1) ⋅ 100 and absolute (calc. NO − meas. NO) errors have been calculated. In Table 2 the distribution of the test cases into relative error zones is shown.
Referring to Table 2 , it should be noted that the high percentage (relative) error can be misleading because the very low absolute NO values induce high relative errors.
The main error sources are the following:
(i) inaccuracies of input data (normal) such as air and fuel mass flow rate, EGR rate, charge initial conditions, and in-cylinder pressure,
(ii) primary measurement error (e.g., NO measurements), Nevertheless, as shown, the proposed model predicts the tailpipe NO emissions with acceptable relative error for the most test cases examined, as shown in Table 2 without further calibration (i.e., use of a correction multiplier). The overall comparison between calculated and measured NO values is presented in Figure 10 revealing promising model's predictive capability.
Computational Time.
One of the major aims of the proposed model is the low computational cost. Namely, the model intends to provide reliable results very fast and specifically in a time period close to an engine cycle duration. This feature enables the use of the model in on-board and real-time applications. To achieve such low computational time the model should be embedded in specialized computer systems (FPGA, ASIC, microcontrollers, etc.) which are designed for these applications and are much faster than PCs. However, in the present study model's computational time was evaluated by using a PC in order to detect the possibilities to diminish run time. The most important factor that affects the computational cost is the calculation timestep which, among the combustion duration, determines the number of the zones. To examine the effect of time-step on computational time, a sensitivity analysis was conducted, indicative results of which are depicted in Figure 11 .
As revealed from Figure 11 , the computational time decreases exponentially with the increase of calculation timestep without significant variation of the relative error. Hence, a strong potential exists for the model, to be a reliable realtime tool that can contribute to the endeavor for NO x control.
Summary and Conclusions
The demand for compliance with the continuously stringent exhaust emissions regulations [2] compels ICE industry to limit NO x emissions. For this reason, DI Diesel engine manufactures are strongly interested for the development of efficient technologies/methodologies for NO x emissions control. To minimize the development cost, experimental effort, fuel consumption penalty, and after-treatment equipment addition, computational models can be employed. These models should be fast, reliable at a wide range of implementation (i.e., various operating conditions and engine settings/adjustments), and applicable, without significant modifications, on different types of engines. Considering the previous necessity, a new, semiempirical, zero-dimensional multizone model for NO emissions prediction has been presented and validated on an extended range of operating conditions (132 test cases), on two different Diesel engine types, representative of the automotive sector.
The goal of the present work is the successful combination of physical and empirical concepts to develop a simplified model with NO predictive capabilities when implemented on different DI Diesel engines and various engine settings. As revealed from the presented investigation, the proposed model is capable to capture adequately the effect of engine load/speed, SOI, EGR rate, fuel injection pressure, and intake manifold pressure on NO emissions. NO trends and absolute values are predicted satisfactorily despite the very low values of some test cases. Most important is that the proposed model, due to its physical base and the use of measured parameters and a statistical correlation, achieves adequate NO predictions, avoiding the use of phenomenological spray models and/or geometrical discretization, targeting on model's simplicity, low computational cost, and minimum calibration effort. Model's predictive ability is enhanced from its robust physical background and the use of the actual pressure inside the cylinder from which the processes taking place during the close engine cycle affect NO formation and are directly or implicitly accounted for. The measurement of cylinder pressure is currently standard practice for lab investigations and marine applications, but the perspective exists for its implementation in production vehicles in the near future. Furthermore, the parameters used in the empirical correlation for the zone Φ calculation are strongly related with NO formation and, along with the use of cylinder pressure, provide versatility to the model (i.e., expanding its implementation range).
Hence, the NO emissions prediction model presented herein can become a useful tool for ICE industry and researchers, after additional development and validation, for the following:
(1) Contribution to the development or/and real-time control of the in-cylinder (primary) NO abatement technologies/methodologies (e.g., model-based control). (2) Contribution to the management of NO x after-treatment systems. (3) Contribution to the field of engine research, development, and optimization regarding NO x control on existing engines (i.e., improvement of injection strategy, EGR rate, etc. 
